Habitat utilization and feeding ecology of small round goby in a shallow brackish lagoon by Henseler, Christina et al.
ORIGINAL PAPER
Habitat utilization and feeding ecology of small round goby
in a shallow brackish lagoon
Christina Henseler1,2 & Paul Kotterba2 & Erik Bonsdorff1 & Marie C. Nordström1 & Daniel Oesterwind2
Received: 30 January 2020 /Revised: 1 July 2020 /Accepted: 13 July 2020
# The Author(s) 2020
Abstract
We examined small-scale distribution and feeding ecology of a non-native fish species, round goby (Neogobius melanostomus
(Pallas, 1814)), in different habitats of a coastal lagoon situated in the south-western Baltic Sea. First observations of round goby
in this lagoon were reported in 2011, 3 years before the current study was conducted, and information on this species’ basic
ecology in different habitats is limited. We found that mainly juvenile round gobies are non-randomly distributed between
habitats and that abundances potentially correlate positively with vegetation density and thus structural complexity of the
environment. Abundances were highest in shallower, more densely vegetated habitats indicating that these areas might act as
a refuge for small round gobies by possibly offering decreased predation risk and better feeding resources. Round goby diet
composition was distinct for several length classes suggesting an ontogenetic diet shift concerning crustacean prey taxa between
small (≤ 50 mm total length, feeding mainly on zooplankton) and medium individuals (51–100 mm, feeding mainly on benthic
crustaceans) and another diet shift of increasing molluscivory with increasing body size across all length classes. Differences in
round goby diet between habitats within the smallest length class might potentially be related to prey availability in the
environment, which would point to an opportunistic feeding strategy. Here, we offer new insights into the basic ecology of
round goby in littoral habitats, providing a better understanding of the ecological role of this invasive species in its non-native
range, which might help to assess potential consequences for native fauna and ecosystems.
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Introduction
The round goby (Neogobius melanostomus (Pallas, 1814))
originates from the Ponto-Caspian region and has colonized
multiple water bodies as a non-native fish species, including
the Great Lakes, the Baltic Sea and several European rivers
like the Rhine. Thus, it occurs in various temperate freshwater
and brackish water systems and has become a dominant fish
species in many of these invaded regions (Sapota and Skóra
2005; Kornis et al. 2012; Jůza et al. 2018). Concurrently,
round gobies have become established in local food webs,
feeding on a wide range of native organisms and serving as
prey for several predatory fish species (e.g. cod and perch) and
birds, such as cormorants and herons (Johnson et al. 2005;
Almqvist et al. 2010; Hempel et al. 2016; Oesterwind et al.
2017; Herlevi et al. 2018). In their colonized range, round
gobies can have severe impacts on the native fauna as they
compete with native fish species for food resources and hab-
itat, and prey on fish fry and juveniles (e.g. Janssen and Jude
2001; Steinhart et al. 2004; Houghton and Janssen 2015;
Hirsch et al. 2016). Direct predation negatively affects mac-
roinvertebrate communities leading to declines in abundance
and biomass of certain prey species (e.g. Barton et al. 2005;
Lederer et al. 2006; Kipp and Ricciardi 2012). These interac-
tions with native species and the extensive distribution of
round goby can result in cascading food web alterations in
invaded ecosystems (Skabeikis et al. 2019) with possible
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consequences for ecosystem functioning in these regions.
Therefore, a solid understanding of the basic ecology, such
as habitat utilization and trophic role, of this fast spreading
invasive species is essential in order to estimate potential im-
pacts on native fauna and ecosystems.
Studies from several colonized areas have examined the
distribution among habitats and diet of round goby. The spe-
cies uses a variety of different habitats, but higher abundances
are commonly associated with increased habitat complexity as
provided by vegetated or rocky seabed (Ray and Corkum
2001; Sapota 2004; Cooper et al. 2007, 2009; Ramler and
Keckeis 2020). Accordingly, round gobies show a preference
for structurally more complex habitats, such as macrophytes
and cobbles, over open sand areas in laboratory studies (Bauer
et al. 2007; Duncan et al. 2011). Round gobies are mostly
described as generalists with an opportunistic feeding strategy
adapting their diet flexibly to prey availability in the environ-
ment (Borcherding et al. 2013; Brandner et al. 2013; Nurkse
et al. 2016). They prey mainly on benthic macroinvertebrates
including crustaceans (e.g. amphipods), insect larvae (mainly
chironomids), molluscs (such as bivalves and gastropods) and
polychaetes. Fish are only consumed by larger individuals,
whereas fish eggs and juveniles have a rather low contribution
to round goby diet (e.g. Vašek et al. 2014; Ustups et al. 2016;
Wiegleb et al. 2018; Hempel et al. 2019). However, round
goby predation on eggs might generally be underestimated
(Lutz et al. 2020). An ontogenetic diet shift has been reported
for several water bodies with the dietary proportion of mol-
luscs increasing with body size (Kipp et al. 2012; Brandner
et al. 2013; Ustups et al. 2016; Hempel et al. 2019). The size,
at which ontogenetic diet shifts of round goby occur, varies
with study area, and slight differences in round goby diet
concerning specific prey taxa exist, although the overall feed-
ing ecology is rather similar among regions.
In the Baltic Sea, overall invasion rates of non-native spe-
cies have consistently increased over the past decades with the
first record of round goby dating back to 1990 from the Polish
coast (Skóra and Stolarski 1993; Leppäkoski and Olenin
2000). Since then, the range of this species has expanded
extensively in coastal areas (Kotta et al. 2016), emphasizing
the importance of exploring its ecology and potential impacts
on native ecosystems. Therefore, the aim of this study is to
examine small-scale distribution and feeding ecology of round
gobies in distinct littoral habitat types in a coastal brackish
lagoon of the southern Baltic Sea, with a main focus on juve-
niles. Specifically, we (1) assess the abundance of round goby
in different habitat types and (2) compare the diet between
different size classes. Here, we present an overview of which
prey items different round goby size classes feed on in the
study area using stomach content data from late summer and
autumn, right after the summer production peak. Additionally,
we examine (3) how round goby diet might differ between
habitats within one size class. Although first records of this
species at the German coast of the Baltic Sea date back to
1998 (Winkler 2006), in our study area, round gobies were
first caught in 2011 (Paul Kotterba, personal observation).
Thus, we are exploring the basic ecology of this invasive
species in a region, which has been invaded rather recently
but where round goby has already established a viable popu-
lation, which is why information on its ecology, especially the
consideration of several habitat types, is quite scarce
(Oesterwind et al. 2017; Wiegleb et al. 2018). This study will
therefore contribute to broadening the knowledge on round
goby in its invaded range, which is needed to more reliably
predict potential impacts on ecosystems.
Materials and methods
Study site and selected habitats
Our study site “Greifswald Bay”, a semi-enclosed inshore
lagoon located in the south-western Baltic Sea at the
German coast (Fig. 1), covers an area of 510 km2 with an
average depth of 5.8 m. Mean salinity ranges between 7 and
9 (Reinicke 1989; Stigge 1989). The grounds of shallow wa-
ters contain almost exclusively sand, besides mud, boulders
and rocks (Reinicke 1989). The phytal zone reaches from the
water surface to a maximum water depth of about 4 m
consisting mainly of pondweed (Potamogetonaceae) and
seagrass (Zostera marina), whereas bladderwrack (Fucus
vesiculosus) is most abundant on stony substrates. Red algae,
such as Furcellaria lumbricalis, are associated with rocks in
slightly deeper areas between 3 and 6 m water depth (Geisel
and Meßner 1989). The local fish fauna comprises both ma-
rine and freshwater species such as herring (Clupea
harengus), flounder (Platichthys flesus), pike (Esox
lucius), pikeperch (Sander lucioperca) and perch
(Perca fluviatilis) (Winkler 1989). First records of round
goby in Greifswald Bay were reported in 2011 (Paul
Kotterba, personal observation).
Round gobies were sampled in different pre-defined habitat
types at “Gahlkow”, situated in the southern part of
Greifswald Bay (Fig. 1). The littoral zone in this area is char-
acterized by a depth-stratified succession of different sub-
merged aquatic vegetation (SAV) communities, which repre-
sents a common structure of local soft bottom shore zones in
the bay. Based on earlier studies (Moll et al. 2018) and footage
recorded by an underwater camera, sampling areas were
selected and habitats characterized according to the general
phytal zonation in the bay described by Geisel and Meßner
(1989) following the natural depth gradient. The
“Potamogeton-zone” (PZ, pondweed zone) in our study
ranged from 1 to 2 m water depth, where the seafloor is dense-
ly covered with different macrophyte species including
Stuckenia pectinata and Z. marina (Kanstinger et al. 2018).
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The “Zostera-zone” (ZZ, seagrass zone) between 3 and 4 m
depth was characterized by less dense and more patchily dis-
tributed SAV consisting mostly of Z. marina. No vegetation
occurred in the “sub-phytal zone” (SZ) between 5 and 7 m
depth, and the sediment consisted of bare sand. In all habitat
types, the main bottom substrate was sand.
Round goby sampling
Round goby samples were taken with a 2 m-wide beam trawl
(mesh size, 5 mm), which was towed over the seafloor with
constant speed (2 knots). Hauls in the habitats were conducted
with a towing time between 2 and 11 min, depending on SAV
density (Supplementary Table S1). The position of the boat
was recorded each second with a handheld global positioning
system resulting in continuously recorded tracks for each haul.
Track distance and beam trawl width were used to calculate
the respective sampling area for each haul. Round gobies were
sampled in late summer and autumn 2014 with respectively
one sampling in August, October and November during day-
time (between 10 am and 2 pm, local time). In August, one
haul was conducted in the PZ and two additional hauls in the
transition-zone between the PZ and ZZ in 2 to 3 mwater depth
(“Potamogeton/Zostera-transition-zone” = PZTZ). In October
and November, three replicate hauls were conducted in each
habitat type (PZ, ZZ, SZ) resulting in nine hauls in total for
each month. The sampling procedure in August deviated
slightly from the one in October and November because it
was conducted as a pilot sampling, after which the methodol-
ogy was improved and adjusted to local conditions, i.e. sam-
pling in specific habitats and reduction of hauling duration (cf.
Supplementary Table S1). Therefore, data from August was
only included in the diet analysis, but not in the comparison of
round goby abundance between habitats. Round goby sam-
ples were frozen directly on board and stored at − 30 °C until
further processing.
Laboratory and stomach content analysis
For the analysis of round goby diet composition, stomach
content analyses were conducted. Sampled round gobies were
counted, and total length (TL) and wet weight were recorded
to the nearest mm and 0.01 g, respectively. For the stomach
content analyses, gobies were assigned to three length classes
(LC): ≤ 50 mm (LC1), 51–100 mm (LC2) and 101–150 mm
(LC3). Stomach contents were examined from at least ten
gobies per LC for each haul in August, October and
November. Round gobies were dissected ventrally, and the
stomach was separated from the remaining digestive tract.
Stomach contents were examined under a binocular
microscope and prey items determined to the lowest possible
taxonomic level. The presence/absence of prey organism taxa
was noted for each stomach. The data on round goby diet has
been used for a merely descriptive purpose in Oesterwind
et al. (2017) before.
Statistical analysis
All statistical analyses were carried out in the open source
software R, version 3.6.1 (R Core Team 2019). To test wheth-
er round goby abundance differed between habitat types,
abundances were compared statistically between habitats for
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Fig. 1 Location of Greifswald
Bay (GB) and the round goby
sampling site at Gahlkow (GK),
marked with a black asterisk. The
blue asterisk in the inset map
marks the location of Greifswald
Bay at the German coast in the
south-western Baltic Sea
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October and November, i.e. these months when the same hab-
itats had been sampled (PZ, ZZ, SZ), by means of Generalized
Linear Models (GLM) using Type II Sum of Squares with the
car package (Fox and Weisberg 2011). GLMs were executed
with round goby count data as the response variable using a
quasipoisson distribution and a log-link function for October
data and a negative binomial distribution (MASS package;
Venables and Ripley 2002) and a squared-link function for
November data. In both models, an offset with the respective
sampling area of each haul was included. To ensure that
GLMs met assumptions regarding data normality and homo-
scedasticity, residuals were plotted against fitted values. To
assess how single habitats differed from each other concerning
round goby abundance, post-hoc tests were conducted using
the Bonferroni correction.
For the comparison of round goby diet between length clas-
ses, data from the three sampling months (August, October and
November) were pooled across all habitats to obtain a sufficient
sample size. Therefore, the comparison among length classes
gives an overview of what gobies of different sizes feed on in
general in the study area irrespective of sampling month and
without taking into account a possible variability in prey avail-
ability and round goby diet (for diet composition separated into
length classes for each month, cf. Supplementary Fig. S1). To
test whether diet composition differed between the three length
classes, permutational multivariate ANOVA (PERMANOVA)
with 9999 permutations was used on presence/absence data. A
permutational test of multivariate dispersion (PERMDISP) was
conducted prior to the PERMANOVA, to test whether the
within-group spread of the observations to their group centroid
(i.e. multivariate dispersions) was equal between length classes.
To achieve homogeneity of multivariate dispersions, LC3 had
to be excluded from the analysis. Hence, PERMANOVA and
the subsequent analysis were only applied for the comparison
between LC1 and LC2. A similarity percentage (SIMPER) anal-
ysis was conducted to assess the dissimilarity between LC1 and
LC2 based on round goby diet composition and to identify the
contribution of prey items to this diet difference. To test wheth-
er diet composition of round gobies differed between habitat
types within one length class (LC1), PERMDISP and
PERMANOVA were applied for October and November data
separately. Only LC1 was considered in this analysis to avoid
length class-based differences in diet to overshadow habitat
effects, and because only gobies from this smallest LC were
present in all habitat types (cf. Supplementary Table S1). The
binomial dissimilarity index was used for the above described
multivariate analyses (PERMDISP, PERMANOVA), as it can
handle binary data and different sample sizes between groups.
For the multivariate analyses, the vegan package (Oksanen
et al. 2018) was used. Maps were generated in R using the
following packages: GISTools, rgdal, raster and oceanmap
(Brunsdon and Chen 2014; Bivand et al. 2017; Hijmans
2017; Bauer 2018).
Results
Besides round gobies, eleven other fish species were present
in the beam trawl samples from August, October and
November (Supplementary Table S2). Two pipefish species
(Nerophis ophidion and Syngnathus typhle) represented the
most abundant fish group (Supplementary Fig. S2) followed
by native gobies, Pomatoschistus spp., round goby and the
three-spined stickleback Gasterosteus aculeatus. Other fish
species had a comparatively low occurrence in the samples.
Habitat utilization of round goby
Round goby abundances were compared between habitats for
October and November, since all three habitat types were
sampled during these months, but not in August. In total,
124 round gobies were caught in October and 273 individuals
in November across all sampled habitats (Supplementary
Table S1). Total length ranged between 16 and 129 mm for
October and November with the majority of gobies (95.97%)
assigned to LC1 (≤ 50 mm). Additionally, 3.78% were
grouped into LC2 (51–100 mm) and 0.25% into LC3 (101–
150 mm). Mean total length (± standard deviation) in October
was 35.0 ± 12.9 mm and 37.3 ± 6.9 mm in November. Round
goby abundance differed significantly between habitats for
October based on GLM results (p = 0.027, F2,6 = 7.03;
Fig. 2a). However, post-hoc tests did not show any significant
differences between habitats. Nevertheless, round goby abun-
dance was clearly higher in the PZ (mean abundance ± stan-
dard deviation = 6.82 ± 0.71 n/100m2) compared with the ZZ
(0.62 ± 1.07 n/100m2) and SZ (1.31 ± 1.70 n/100m2), and
post-hoc results were rather close to being significant for the
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Fig. 2 Mean round goby abundance (n/100 m2) and standard error in a
October and bNovember in the different habitats: PZ Potamogeton-zone,
ZZ Zostera-zone and SZ sub-phytal zone. Letters indicate significant dif-
ferences between habitats based on post-hoc comparisons. Habitats with
the same letter are not significantly different. The significance level was
set to 0.05
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comparison of the PZ and ZZ (p = 0.080). GLMs revealed that
abundances differed significantly between habitats for
November (p < 0.001, F2,6 = 75.78; Fig. 2b) with higher goby
abundances in the PZ (24.49 ± 10.54 n/100m2) than in the ZZ
(0.15 ± 0.15 n/100m2) and SZ (0.19 ± 0.22 n/100m2), which
was confirmed by post-hoc comparisons.
Diet composition in different length classes
In total, 163 round goby stomachs were examined from
August, October and November samples. Thereof 26
stomachs only contained mucus and sand, and another
five stomachs contained non-identifiable prey items,
resulting in 132 round goby stomachs considered in the
diet analysis. The diet composition showed distinct differ-
ences between the three length classes. While round
gobies in LC1 and LC2 predominantly fed on arthropods
(89% and 70% of gobies per length class respectively;
Fig. 3a, b), the percentage of polychaetes and molluscs
increased in the diet of LC3 with 60% of gobies consum-
ing arthropods and molluscs and 80% feeding on poly-
chaetes (Fig. 3c). The diet composition based on the three
main taxa (displayed in Fig. 3a–c) divided into lower tax-
onomic groups (Fig. 3d–f) differed significantly between
LC1 and LC2 (PERMANOVA: p < 0.001, F1 = 20.10).
The between-group dissimilarity between these length
classes was 86% based on SIMPER results. Prey groups
contributing most to this difference were copepods, ostra-
cods, gastropods and isopods, which together explained
57% of the between-length class dissimilarity (for
SIMPER results, cf. Supplementary Table S3). In LC1,
respectively 52% of round gobies consumed ostracods
and copepods, whereas individuals in LC2 fed increasing-
ly on gastropods (30% of gobies) and isopods (41% of
gobies; Fig. 3d, e). Additionally, 17% of LC1 gobies con-
sumed cladocerans, which were not present in the diet of
LC2. However, 33% of round gobies in LC2 fed on am-
phipods. Keeping in mind that the sample size in LC3 was
LC1 (≤50 mm)
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Po
ly
ch
ae
ta
Ar
th
ro
po
da
M
ol
lu
sc
a
0
10
20
30
40
50
60
70
80
90
Pr
es
en
ce
 o
f p
re
y 
ite
m
s 
in
 g
ob
y 
st
om
ac
hs
 [%
] LC2 (51 − 100 mm)
Po
ly
ch
ae
ta
Ar
th
ro
po
da
M
ol
lu
sc
a
0
10
20
30
40
50
60
70
80
90
LC3 (101 − 150 mm)
Po
ly
ch
ae
ta
Ar
th
ro
po
da
M
ol
lu
sc
a
0
10
20
30
40
50
60
70
80
90
Polychaeta
Cladocera
Copepoda
Isopoda
Ostracoda
Insecta
Bivalvia
Gastropoda
Amphipoda
0
20
40
60
d
Polychaeta
Amphipoda
Cladocera
Copepoda
Isopoda
Ostracoda
Insecta
Bivalvia
Gastropoda
0
20
40
60
Polychaeta
Amphipoda
Cladocera
Copepoda
Isopoda
Ostracoda
Insecta
Bivalvia
Gastropoda
0
20
40
60
80
fe
a b c
n = 27 n = 5
Fig. 3 Diet composition of round gobies displaying the three main prey
taxa (upper row) and main taxa divided into lower taxonomic groups
(lower row). Diet composition is shown as percentage (%) of round
gobies that had consumed the respective prey item in length class LC1
(≤ 50 mm TL) (a and d), LC2 (51–100 mm TL) (b and e) and LC3 (101–
150 mm TL) (c and f). n refers to the number of round goby stomachs
examined in the respective LC. All round gobies with non-empty
stomachs examined fromAugust, October and November are considered.
Note the different scale of the y-axis in (f). No arthropod prey items are
displayed in (f), as they could not be assigned to any of the lower taxo-
nomic groups, i.e. arthropod prey items were unidentifiable
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rather low (n = 5), which is why no statistics could be
applied, the diet composition in LC3 showed differences
to the diet of the smaller length classes. In LC3, a higher
percentage of gobies consumed polychaetes (80%) and
bivalves (40%; Fig. 3c and f).
Diet composition in different habitat types
The diet composition of round gobies was compared between
habitat types for October and November in LC1. Due to non-
homogeneity of multivariate dispersions between habitats for
October data, PERMANOVA could not be applied. For
November data, PERMANOVA did not show a difference
in diet composition between habitats (p = 0.066, F2 = 2.39),
although results were quite close to being significant at a 0.05
significance level. However, based on qualitative observa-
tions, diet composition showed certain differences between
habitat types in LC1, both in October and November
(Fig. 4). Round goby diet was more diverse in the PZ com-
prising nine and six prey taxa in October and November,
respectively, whereas a maximum of four different prey items
was consumed in the ZZ and SZ. Correspondingly, certain
taxa, such as amphipods and isopods, were only present in
round goby diet in the PZ. 4% of individuals fed on amphi-
pods in October and 8% in November, while 11% of gobies
consumed isopods in October (Fig. 4a and d).
Discussion
In this study, we provide information on small-scale distribu-
tion and feeding ecology of a non-native fish species, round
goby, in different habitats of a recently colonized shallow
lagoon in the south-western Baltic Sea. This knowledge is
essential for a better understanding of the ecological role of
this invasive species in the littoral zone of colonized areas.We
found higher round goby abundances in the shallower vege-
tated habitat, and the diet composition was distinct for differ-
ent round goby size classes, additionally displaying certain
differences between habitat types. Our findings could support
the evaluation of how native fauna and thus ecosystems might
be affected by the invasion and rapid expansion of round goby
and therefore assist in management actions.
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Fig. 4 Diet composition with main taxa divided into lower taxonomic
groups, shown as percentage (%) of round gobies from length class LC1
(≤ 50 mm TL) that had consumed the respective prey item, in the
Potamogeton-zone (PZ) (a and d), the Zostera-zone (ZZ) (b and e) and
the sub-phytal zone (SZ) (c and f) in October (top row) and November
(bottom row). n refers to the number of round goby stomachs examined in
the respective habitat per month. Note the different scale of the y-axes
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Habitat use of round goby
Both in October and November, round gobies were more
abundant in the PZ compared with the other two habitats (cf.
Fig. 2). Whereas GLMs showed significant differences in
round goby abundance between habitats for both months,
post-hoc tests indicated significant differences only for
November. Non-significant post-hoc results for October data
might be caused by the relatively low replicate number in
general and a comparatively high number of gobies in one
of the three replicate hauls in the SZ (cf. Supplementary
Table S1), which might possibly not have been representative
for this habitat type due to, e.g. comparatively dense vegeta-
tion. Nonetheless, abundances were clearly higher in the PZ
(6.82 ± 0.71 n/100m2) compared with the other two habitats
(ZZ, 0.62 ± 1.07 n/100m2; SZ, 1.31 ± 1.70 n/100m2) based on
qualitative observations in October (Fig. 2). Since the shallow
PZ was characterized by dense vegetation, it most likely rep-
resented the structurally most complex habitat compared with
the less vegetated ZZ and the bare sand area in the SZ.
Additionally, round gobies sampled in October and
November were comparatively small (mean total length ±
standard deviation, 36.6 ± 9.2 mm) indicating that shallower,
more structured areas with dense submerged aquatic vegeta-
tion (SAV) represent an important habitat for juvenile speci-
men at the study site. This is in accordance with general hab-
itat preferences of round gobies in laboratory experiments, in
which more complex cobble and macrophyte habitats were
favoured over less complex open sand areas (Bauer et al.
2007; Duncan et al. 2011). Similarly, round gobies were more
abundant in SAV and rock habitats than in water lily and bare
sediment habitats in the Great Lakes (Ray and Corkum 2001;
Cooper et al. 2007, 2009). In its native range, the Ponto-
Caspian region, this species utilizes shallow hard substrates
(rocks, gravel, mussel beds), but also seagrass meadows
(Svetovidov 1964; Bogutskaya et al. 2004). However,
Moran and Simon (2013) documented the occurrence of
smaller round gobies in less complex gravel habitats, while
larger individuals were associated with structurally more com-
plex areas, suggesting that habitat type alone might not be the
sole factor explaining the distribution of this species (Coulter
et al. 2015). The presence of small, mainly juvenile, round
gobies at the study site might be related to its relatively young
invasion history as small round gobies have been linked to
more recently colonized sites and larger individuals to origi-
nally invaded areas (Ray and Corkum 2001). Round gobies at
our study site reached a total length of up to 14 cm and there-
fore seemed to be aged between 0 and 5 years according to
Florin et al. (2018), which would be in accordance with their
presumptive young invasion history in Greifswald Bay (study
performed 3 years after first observation).
Regardless of whether round gobies always reach
higher abundances in more complex vegetated habitats,
several benefits are associated with using this type of
habitat. Densely vegetated habitats generally offer lower
predation risk than open areas, most likely due to a higher
availability of hiding places and reduced conspicuousness
of prey fish (e.g. Savino and Stein 1982; Chacin and
Stallings 2016). Indeed, predation on round gobies is low-
er in more sheltered habitats, and especially small individ-
uals are exposed to high predation pressure in open hab-
itats (Belanger and Corkum 2003). Thus, the shallow PZ
might serve as a refuge for small round gobies offering
increased protection against predation due to dense SAV.
Additionally, more complex vegetated habitats might pro-
vide better feeding conditions with a higher availability of
prey organisms for juvenile round gobies as high macro-
invertebrate abundance and biomass, and especially mo-
bile organisms, are usually associated with vegetation
(Boström and Bonsdorff 1997; Christie et al. 2009;
Henseler et al. 2019).
However, since habitat types examined in this study did not
only differ concerning SAV density but also with regard to
depth, the high occurrence of small round gobies cannot un-
ambiguously be linked to the structural complexity of the
habitats, as depth might also play a role in structuring the fish
community. Studies have shown that juvenile fish abundances
can be higher in shallow habitats compared with similarly
complex, deeper areas, which is often explained by lower
abundances of large predatory fish in shallow habitats and
thus reduced predation risk for juveniles (Baker and Sheaves
2007; Ryer et al. 2010). Yet, this relation does not always
apply, suggesting that juvenile abundance is not exclusively
structured by vertical depth. In our study, it seems rather un-
likely that effects of depth differences between habitats over-
ride effects of habitat complexity, especially as high fish abun-
dances and low predation risk are generally associated with
structurally more complex, vegetated habitats (Nagelkerken
et al. 2001; Heck Jr. et al. 2003; La Mesa et al. 2011;
Chacin and Stallings 2016; Reynolds et al. 2018).
Furthermore, when conducting preliminary beach seine sam-
plings in shallow areas of Greifswald Bay, round gobies were
always present in vegetated areas, but never on bare sand
(personal observation). Nevertheless, the depth gradient at
the study site might have influenced round goby distribution
additionally, promoting high abundances of small round
gobies in the shallower habitat. Moreover, samples were only
taken during daytime in our study. Therefore, future studies
should investigate this aspect more closely by assessing round
goby abundances in adjacent vegetated and non-vegetated
habitats of the same depth and during different times of day
(cf. Ray and Corkum 2001). Vegetated habitats might only
serve as a refuge during daytime when small round gobies are
susceptible to predation. However, round gobies might move
into more open areas during the night with darkness potential-
ly offering increased protection against predators.
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Higher abundances of juvenile round gobies in the PZ
could have implications for the native fish community in
Greifswald Bay. These shallow vegetated areas serve as im-
portant spawning beds for spring-spawning Atlantic herring
(Kanstinger et al. 2018), and round gobies smaller than 10 cm
have been reported to feed on herring eggs in the field during
spring (Wiegleb et al. 2018). Thus, large numbers of juvenile
individuals could have a negative impact on herring recruit-
ment. Furthermore, round goby can compete for habitat and
food resources with native fish species (Hirsch et al. 2016). In
our study, fish caught alongside round goby represented spe-
cies commonly inhabiting the study area (Winkler and Thiel
1993). Gobies of the genus Pomatoschistus had a compara-
tively high occurrence in the samples (Supplementary Fig.
S2), and, as benthic fish, they are likely to interact most with
similarly sized round gobies due to competition. The local
predatory fish community might also benefit from the pres-
ence of small round gobies, as various native species includ-
ing perch and pikeperch feed on round goby (Oesterwind et al.
2017), which therefore are likely to become part of the local
food web transferring additional energy to higher trophic
levels (Johnson et al. 2005; Campbell et al. 2009).
Diet composition of round goby
Several benthic macroinvertebrate species were identified in
the round goby stomachs, representing organisms that are
commonly found in the study area (Jönsson et al. 1997; for a
complete prey species list, cf. Table 1 in Oesterwind et al.
2017). Freely moving species, such as Idotea chelipes, gam-
marids and Hydrobia spp., as well as the bivalve Mytilus sp.
are frequently associated with vegetated areas in Greifswald
Bay, whereas chi ronomids , os t racods , Hedis te
diversicolor , Corophium spp. and the bivalves
Cerastoderma spp., Limecola balthica, and Mya
arenaria inhabit sandy to muddy sediments (Geisel
and Meßner 1989; Günther 1998). Thus, the diet spec-
trum of round goby incorporated a broad variety of prey
organisms from the local macroinvertebrate community.
Although round gobies from both LC1 and LC2 mainly fed
on arthropods, we found a significant difference in diet com-
position between these length classes. Whereas copepods, os-
tracods and cladocerans were present in the diet of LC1
gobies, medium-sized gobies from LC2 increasingly fed on
isopods, amphipods and gastropods. Round gobies from the
two smaller length classes thus consumed different crustacean
prey taxa indicating an ontogenetic diet shift from zooplank-
tonic organisms to larger crustaceans for round gobies at a size
of about 50 mm TL. This is in line with other studies from the
Baltic Sea (Rakauskas et al. 2008; Skabeikis and Lesutienė
2015; Ustups et al. 2016) and the Great Lakes (Cooper et al.
2009; Brush et al. 2012; Olson and Janssen 2017), which
report a high proportion of copepods, cladocerans and
ostracods in the diet of smaller individuals. An increasing
importance of larger crustaceans with round goby size has also
been found in other areas. However, besides amphipods, other
crustacean taxa, such as mysids and decapods, are consumed
by similar sized round gobies (Rakauskas et al. 2008;
Skabeikis and Lesutienė 2015; Ustups et al. 2016). Hence,
the overall ontogenetic diet trend seems to be similar for dif-
ferent invaded regions, but the specific diet composition (i.e.
the prey taxa) might depend on the study area and, most likely,
on which prey items are available in a specific environment.
Contrary to the smaller length classes, large gobies from LC3
predominantly consumed polychaetes and bivalves (keeping
in mind the small sample size and the absence of statistical
analysis for LC3), which might confirm an ontogenetic diet
shift with increasing molluscivory for our study area. A higher
percentage of molluscs, especially bivalves, in the diet of larg-
er round gobies is known from the Ponto-Caspian region
(Svetovidov 1964; Pinchuk et al. 2003; Bogutskaya et al.
2004), as well as from multiple colonized areas, such as the
Baltic Sea (Skora and Rzeznik 2001; Karlson et al. 2007), the
Great Lakes (Johnson et al. 2005; Duncan et al. 2011) and
river or canal systems (Brandner et al. 2013; Hempel et al.
2019). In the Baltic Sea, mainly Limecola balthica and
Mytilus spp. are consumed, whereas dreissenid mussels con-
stitute the main proportion of mollusc prey in the Great Lakes.
In its native range, round gobies feed on a large number of
mollusc species, amongst others, including Cerastoderma
glaucum and Abra segmentum (Svetovidov 1964; Kvach
and Zamorov 2001; Pinchuk et al. 2003; Bogutskaya et al.
2004). Similar to our findings, a higher contribution of anne-
lids, including polychaetes, to the diet of larger round gobies
has been documented in a brackish water canal and the south-
eastern Baltic Sea (Skabeikis and Lesutienė 2015; Hempel
et al. 2019), although other studies found a declining impor-
tance of polychaetes with increasing goby size (Skora and
Rzeznik 2001). Thus, our results show a certain accordance
with other areas inhabited by this species concerning the diet
spectrum of different length classes, though regional differ-
ences in diet composition exist, which are possibly linked to
the prey availability in the respective environments. The dis-
tinct diet composition of differently sized individuals indicates
that the impact of round gobies on native macroinvertebrate
communities will depend on which round goby sizes prevail
in a specific region. Although no fish eggs and larvae were
found in the stomachs examined in this study, predation of
round goby on the fry of resident species at the study site, such
as Atlantic herring, cannot be excluded as it has been shown
that small round gobies prey on herring eggs during spring-
time in Greifswald Bay (Wiegleb et al. 2018). Generally,
round goby predation on eggs might be difficult to detect by
means of stomach content analyses (Lutz et al. 2020).
However, since the colonization of the area and the corre-
sponding restructuring of the regional food web are still in
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progress, consequences for the ecosystem and fishing re-
sources are not yet fully predictable (Campbell et al. 2009;
Hempel et al. 2016).
Based on qualitative observations, the diet composition of
round goby differed between the studied habitat types in au-
tumn (in both October and November) within LC1.
Specifically, the diet in the PZ was most distinct from the
other two habitats in both sampling months. Round gobies
in the PZ fed on a higher number of different prey taxa, which
could be related to a higher species richness in this shallower
vegetated habitat compared with the structurally less complex
ZZ and SZ. It has been shown that more complex, vegetated
habitat types usually possess a different invertebrate commu-
nity composition in addition to higher invertebrate species
richness and diversity than non-vegetated areas (Boström
and Bonsdorff 1997; Henseler et al. 2019). Accordingly, some
organisms were exclusively found in round goby diet from the
PZ, such as amphipods and isopods. These mobile crustaceans
were potentially associated with SAV in the PZ. Crustaceans
such as gammarids and Idotea chelipes inhabit vegetated areas
in Greifswald Bay (Geisel and Meßner 1989; Günther 1998),
and similar findings from the Gulf of Gdansk in the south-
eastern Baltic Sea show that the isopod Idotea balthica con-
stitutes a high proportion of round goby diet in a macrophyte
habitat (Skora and Rzeznik 2001). This might indicate a link
between round goby diet and the prey availability in a specific
environment with round gobies feeding on whichever prey
taxa occur. It has been documented that round goby possesses
an opportunistic feeding strategy and flexibly adapts its diet to
seasonal changes in invertebrate community composition
(Borza et al. 2009; Borcherding et al. 2013; Brandner et al.
2013). Thus, round goby might not have a preference for
specific prey taxa but is instead able to consume a broad va-
riety of different prey items as a generalist species (Raby et al.
2010; Brandner et al. 2013; Nurkse et al. 2016). In summary,
our results on diet composition of round goby in different
habitats might indicate an opportunistic feeding behaviour of
this species, which represents a trait often expressed by inva-
sive species. Opportunistic feeding might, in this respect, fa-
cilitate the colonization of different areas and therefore link to
invasion success (Ribeiro et al. 2007; Rewicz et al. 2014;
Pettitt-Wade et al. 2015; de Carvalho et al. 2019). However,
our findings on habitat-dependent feeding of round goby have
to be considered with caution keeping in mind that the results
cannot be confirmed by statistical analysis, probably due to
low sample sizes in the ZZ and SZ (number of gobies
ranging between 3 and 11 in October and November).
Moreover, no data on prey availability in the studied
habitats was collected. To fully investigate opportunistic
feeding of round gobies, it would be necessary to quan-
tify invertebrate communities in multiple habitats and
compare these to round goby diet composition, which
was, however, not accomplished within our study.
Furthermore, future investigations should also include
other habitat types in the study area, which could not
be considered in this study, but might help to increase
knowledge on the round goby’s plasticity regarding hab-
itat use and feeding behaviour.
Conclusion
Overall, our study suggests that shallower, more structured
habitats serve as important areas for juvenile round gobies,
as higher abundances were found in the shallow, densely veg-
etated habitats of the littoral zone compared with the deeper,
less structured habitats at the study site. Diet composition of
round goby differed between length classes. Whereas the
smallest individuals (LC1) mostly fed on zooplankton, includ-
ing copepods, ostracods and cladocerans, medium-sized spec-
imen (LC2) increasingly consumed benthic crustaceans, such
as amphipods and isopods, suggesting an ontogenetic diet
shift regarding crustacean prey organisms. As commonly stat-
ed in literature, the proportion of molluscs increased in the diet
of larger round gobies (LC3). Furthermore, we offer indica-
tions for habitat-specific feeding of round goby within the
smallest length class, which would conform to the generally
suggested opportunistic feeding strategy for this species. Our
findings shed light on the basic ecology of a widely spread
invasive fish species in a quite recently, and therefore not yet
extensively studied, colonized region, which could contribute
to assessing its impact in non-native ecosystems and to the
design of adequate management actions.
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